Abstract In this paper, we analyse the behaviour of fine sediments in the hyper-turbid Lower Ems River, with focus on the river's upper reaches, a stretch of about 25 km up-estuary of Terborg. Our analysis is based on long records of suspended particulate matter (SPM) from optical backscatter (OBS) measurements close to the bed at seven stations along the river, records of salinity and water level measurements at these stations, acoustic measurements on the vertical mud structure just up-estuary of Terborg and oxygen profiles in the lower 3 m of the water column close to Leerort and Terborg. Further, we use cross-sectionally averaged velocities computed with a calibrated numerical model. Distinction is made between four timescales, i.e. the semi-diurnal tidal timescale, the springneap tidal timescale, a timescale around an isolated peak in river flow (i.e. about 3 weeks) and a seasonal timescale. The data suggest that a pool of fluid/soft mud is present in these upper reaches, from up-estuary of Papenburg to a bit downestuary of Terborg. Between Terborg and Gandersum, SPM values drop rapidly but remain high at a few gram per litre. The pool of fluid/soft mud is entrained/mobilized at the onset of flood, yielding SPM values of many tens gram per litre. This suspension is transported up-estuary with the flood. Around high water slack, part of the suspension settles, being remixed during ebb, while migrating down-estuary, but likely not much further than Terborg. Around low water slack, a large fraction of the sediment settles, reforming the pool of fluid mud. The rapid entrainment from the fluid mud layer after low water slack is only possible when the peak flood velocity exceeds a critical value of around 1 m/s, i.e. when the stratified water column seems to become internally supercritical. If the peak flood velocity does not reach this critical value, f.i. during neap tide, fluid mud is not entrained up to the OBS sensors. Thus, it is not classical tidal asymmetry, but the peak flood velocity itself which governs the hyper-turbid state in the Lower Ems River. The crucial role of river flow and river floods is in reducing these peak flood velocities. During elongated periods of high river flow, in e.g. wintertime, SPM concentrations reduce, and the soft mud deposits consolidate and possibly become locally armoured as well by sand washed in from the river. We have no observations that sediments are washed out of the hyper-turbid zone. Down-estuary of Terborg, where SPM values do not reach hyper-turbid conditions, the SPM dynamics are governed by classical tidal asymmetry and estuarine circulation. Hence, nowhere in the river, sediments are flushed from the upper reaches of the river into the Ems-Dollard estuary during high river flow events. However, exchange of sediment between river and estuary should occur because of tide-induced dispersion.
Introduction
The Lower Ems River ("Unterems") forms the most upstream part of the Ems-Dollard estuary (see Fig. 1 ). This tidal river measures about 65 km from Herbrum weir to the river's mouth at Knock, located just down-estuary of a large tidal bay, known as the Dollard. Up-river, near Herbrum, the width of the river measures about 60 m, increasing to about 120 m near Papenburg and around 600 m near the river's mouth. The Dollard is a shallow and very muddy bay at the head of the Ems-Dollard estuary, which itself is mainly sandy, apart from muddy fringes along its banks. Suspended particulate matter (SPM) concentrations read a few 100 mg/L. The Ems-Dollard estuary forms part of the Wadden Sea, whose bed is also mainly sandy. This estuary is located between The Netherlands and Germany. However, the Ems River is on German territory.
Generally, the Ems's river discharge varies between around 20 and 400 m 3 /s, with an average of around 100 m 3 /s and exceptional peak values as high as 1200 m 3 /s (Van Leussen 1994) . This river flow is measured at Versen, about 40 km upstream op Herbrum. At mean river flow, salty water may penetrate up to Terborg, and at elongated periods of low river flow, salty water is even measured around Leerort. The tidal range varies from around 2.5 m in the Wadden Sea (near Borkum) amplifying within the river to values over 5 m at spring tides.
The Ems-Dollard estuary in general and the Lower Ems River in particular have become progressively more turbid, with mean near-surface SPM concentrations up to 1 g/L over almost its entire length (de Jonge et al. 2014 ), while Talke et al. (2007) , Papenmeier et al. (2013) and Held et al. (2013) measured concentrations of fine suspended sediment over tens of grams per litre lower in the water column. The large increase in turbidity levels over the last decades has been attributed to the following:
1. A reduction in the amount of sediment taken out of the Lower Ems River. Between 1960 and 1993, about 1.8 Mton of sediment (mainly mud) was removed from the Port of Emden and brought on land. This removal stopped in 1994, and Van Maren et al. (2015) suggest that this triggered the increase in SPM in the river. 2. An ongoing deepening of the river (e.g. de Jonge et al. 2014; Winterwerp 2011; . This is even more remarkable, as the sediments dredged from the river during the ongoing maintenance works are deposited well outside the river system, e.g. 15-20 km off the river mouth.
Note that today, still about 0.8 Mton of mud is removed from the river every year and brought on land, while the average total amount of mud in the river is estimated at 1 Mton (Van Maren et al. 2016) .
The high SPM concentrations at various measuring stations appear to correlate inversely with river flow, resulting in a profound seasonal variation in SPM values at, for instance, Papenburg (e.g. Fig. 2 ). However, also, short-term variations in river flow, of the order of days, show a large response in SPM concentrations, virtually along the entire river, as depicted in Fig. 3 .
The objective of this paper is assessing the behaviour of suspended sediment (SPM) in the Lower Ems River ("Unterems") in response to variations in river flow and tide, with focus on its upper reaches, i.e. up-estuary of Terborg, where the effects of estuarine circulation are small or even absent. This behaviour is evaluated at four different timescales:
1. The semi-diurnal tidal timescale, 2. The spring-neap time cycle, 3. An arbitrary timescale around a short duration peak in river flow in summer time when the river flow is otherwise small (i.e. a timescale of a few weeks, yet larger than the spring-neap cycle), 4. A seasonal timescale (i.e. half-yearly variations).
We postulate that the major effect of variations in river discharge is through its modification of the tidal asymmetry. Because of the trumpet-shaped plan form of the river, fresh river water-induced velocities become smaller down-estuary. Then, river-induced flushing becomes ineffective. Moreover, because of the large sediment-induced stratification in the river, fresh water would mainly flow over the mud, reducing flushing effects further.
Our analysis is mainly based on over 2 years of continuous SPM and salinity data (mid 2009 till end 2011) at seven stations along the river (e.g. Table 1 , Fig. 4 ), but we focus on the 2010 data, as in this year, the river flow remained small during two months. The SPM data were obtained with OBS sensors of type Solitax by Hach Lange mounted 1-2 m above the bed and collected every 5 min. The OBS sensors were each calibrated against water samples, as described by Habermann (2006) . Data on tidal elevation at these stations and on river flow at Herbrum (in fact 40 km further upstream, i.e. Versen) were also available for this period. Two velocity measurements on two sequential days are also used for our analysis, completed with cross-sectional averaged velocities computed with a calibrated numerical model, i.e. Delft3D. Additionally, we analyse data on oxygen levels measured near Leerort in summer 2014. Furthermore, data from a parametric echo sounder system (SES 2000 by Innomar Technology GmbH), obtained over a longitudinal profile (see Schrottke & Bartholomä 2008) downstream of Leer, are presented to study short-term SPM variations (see Sect. 4) . Further information on the system's configuration is given by Schrottke et al. (2006) .
In Sect. 2, we discuss the peculiarities of the hydrodynamics in the Ems River and its synchronicity. Also, we introduce the Delft3D model and the computed flow velocities as a function of tidal elevation, which are used to complete the limited velocity measurements. This model is exclusively used as an aid in analysing the observations. In the following, we argue that the phasing of the tidal measurements can be used as a proxy for the phasing of the tidal velocity. Further, we discuss the classical concept of asymmetry in peak velocity, how this asymmetry controls net sediment transport and how that asymmetry is affected by river flow. In Sect. 3, we analyse the river's response to the tide; i.e. we discuss SPM variations on the timescale of the semidiurnal tide, whereas in Sect. 4, we discuss spring-neap tide effects. Then, we focus on the role of the river flow, with SPM response to short-term variations in river flow in Sect. 5, while seasonal effects are discussed in Sect. 6. Finally, in Sect. 7, we present a discussion of our analyses and summarize our conclusions.
The upper Ems River-synchronicity and tidal asymmetry
Figures 5a and 6 present two recordings on depth-averaged flow velocity in conjunction with the tidal elevation. Both figures show that elevation and velocity are (almost) 90°out of phase; i.e. high water slack (HWS) and high water (HW) and low water slack (LWS) and low water (LW) occur (almost) at the same time. Also, over time, the tidal amplitude became almost constant along the river, in response to ongoing deepening of the river (e.g. Krebs and Weilbeer 2008) . showed that these observations can only be explained by a strong reduction in the effective hydraulic drag in the Ems River (see also Friedrichs 2010 and Dronkers 2005) over that time period. We refer to synchronicity. To sustain this synchronic behaviour further, we have analysed the tide and salinity distribution in the Appendix. An important assumption in this analysis is that maximum and minimum salinities S max and S min occur at HWS and LWS, respectively. This synchronicity is explicitly used in the analyses in the next section of our paper; i.e. that HW and HWS, and LW and LWS occur synchronously, thus t HW = t HWS and t LW = t LWS . Yet, the tidal wave is still progressive, with a travel time between Knock and Papenburg of about 5 h. The second important observation from Figs. 5a and 6 (see also Fig. 31 (A.2) ) is the large asymmetry in the tidal velocities. Directly after LWS, the flow velocity increases rapidly, while reducing rapidly again towards HWS. Ebb velocities build up much slower and are much lower as well (30-50%). As a result, also the rising water period is much shorter than the falling water period-because of the synchronicity of the river, these periods correspond to flooding and ebbing, respectively. It is well acknowledged that such tidal asymmetry yields flood-dominant conditions for (fine) sediment transport (e.g. Groen 1967; Friedrichs 2010; Dronkers 2005) .
We have analysed the tidal asymmetry in the Ems River further with a hydrodynamic model, based on the Delft3D software (Lesser et al. 2004) . The model was calibrated against measured data, showing proper simulation of the tidal propagation in the Ems River (Van Maren et al. 2015) . The model domain covers the Ems River from Knock in the northwest to the weir at Herbrum in the south. The grid cell size varies from 35 × 70 m 2 upstream of Leerort to 100 × 300 m 2 in the Emder Fahrwasser, and the model has ten equidistant σ layers in the vertical. The model bathymetry is interpolated from measurements in 2005, and the bed roughness is prescribed with a low Manning coefficient of 0.01 s/m 1/3 , accounting for the high contents of soft mud in the river. The model is forced with observed water levels at Knock and a constant discharge at the weir in Herbrum. Salinity, suspended sediments nor fluid mud is explicitly modelled; hence, the computed vertical velocity profiles cannot reflect the effects of (sediment-induced) stratification. The computed velocity profiles are therefore expected to deviate from the actual vertical profiles in the river. However, depth-averaged flow velocities are well reproduced, as shown in Fig. 5b . In particular, the phasing of LWS and HWS with respect to low and HW and the ratio between peak flood and peak ebb velocities are in line with the observations, which is a key aspect for the analyses in the current paper. Note that the periods of observations and simulations differ, as Fig. 5b only aims at showing that phasing and asymmetry are well captured by the model. Eight Delft3D simulations were carried out using the measured water levels at Knock for January 2005. For each simulation, a constant river discharge at Herbrum is prescribed, i.e. Q riv = 0, 10, 50, 100, 150, 200, 300 and 400 m 3 /s. Obviously, with increasing river discharges, ebb velocities increase, whereas flood velocities decrease, while this effect is stronger in the narrower parts of the river, i.e. upestuary. In the following, we argue that (peak) flood velocities dictate the SPM behaviour in the Ems River. Therefore, we analyse the effect of river flow on peak flood velocities first (see Fig. 7 ). This figure shows a strong decrease in computed mean peak velocitiesû f l (i.e. averaged over January 2010) in the upper part of the river, while further down-estuary, this decrease is smaller. It is remarkable that the peak velocities at Leerort are about 10% smaller than at Weener and Papenburg. This irregular behaviour is fully explained by the larger cross section at Leerort, which is likely the result of the river's tributary at that location, the Leda. hase difference between tide and velocity and the strong asymmetry between peak flood and peak ebb velocity Next, we assess the variation in tidal asymmetry as a function of river discharge from the computed hydrodynamics. We use two different definitions for the tidal asymmetry: one based on the ratio of peak flood and ebb velocities (Eq. (1)) and the second based on the ratio of the flux during flood and during ebb (Eq. (2)), thus accounting for the often shorter length of the flood period when the peak flood velocity exceeds the peak ebb velocity. In the latter, we distinguish between internal asymmetry (Eq. (2a)) and asymmetry in horizontal sediment transport (Eq. (2b)). Internal tidal asymmetry is assumed to scale with the turbulent kinetic energy, i.e. U where u(x, t) = Q(x, t)/A(x, t), in which Q is the time-varying discharge at location x in the river, as computed with Delft3D, A is the computed river's cross section at that time and place,û is the peak velocity, and T ebb and T fl are the durations of the ebb and flood period, respectively. The asymmetries along the river as a function of river flow, as assessed from the Delft3D simulations, are presented in Fig. 8 . All definitions of the tidal asymmetry reveal that conditions become less flood-dominant or even ebb-dominant with increasing river flow.
The results of Fig. 8 are summarized in Fig. 9 , depicting the transition from flood to ebb dominance along the river as a function of river flow. Thus, the river flow affects tidal asymmetry, rather than enhancing the flushing of SPM (for the conditions studied in this paper). The commonly used ratio between peak flood and peak ebb velocity A p yields a more gentle condition for flood dominance, while the asymmetry in horizontal transport A t yields the stricter condition, as shown in Fig. 9 . The difference, though, is not too large; thus, A p can be used as a first indication. Yet, our analysis shows that the ratio of peak flood and peak ebb velocity may be misleading in case of varying river discharges. Further, it is important to note that down-estuary of Terborg (T), no ebb-dominant conditions are expected at river flows up to 300 m 3 /s: this part of the river is always flood-dominant. For facilitating the analyses in the following sections, the transitional discharges for four stations are summarized in Table 2 .
A logarithmic fit through the computational points for the asymmetry in peak velocity in Fig. 9 yields y = 14.12 ln x. An increase in river flow does reduce the peak flood velocity and enhances the peak ebb velocity simultaneously. In other words, relating the fit in Fig. 9 to the convergence length of the Ems River, we need to double the slope of the logarithmic fit. Rewriting into an exponential form, we obtain the following:
in which x = distance from Herbrum and Q trans;A p = river discharge governing the transition from flood to ebb dominance for peak velocities. The e-folding length of 28.2 km is identical to the convergence length L b of the Lower Ems Table 1 River, derived in , varying between 27 and 33 km along the river.
SPM variations on the semi-diurnal tidal timescale
In this section, we discuss measured SPM variations over the semi-diurnal tidal cycle. For our analysis and that in Sects. 4 and 5, we focus on the period of 22 July through 16 September 2010 (see Fig. 10 ), as the short duration flood event of 27 August is preceded by more than a month of low river flow. We expect that in a month of low river flow, the SPM distribution is then more or less in equilibrium, except for spring-neap variations.
For studying the intra-tidal SPM behaviour, we zoom in on 2 days, i.e. 13-15 August (see Fig. 11 ). Figure 11 presents the SPM concentrations measured at six stations along the Ems River, in conjunction with the tidal level at Papenburg and Leerort and the river flow measured at Versen. LW at Papenburg is about 1 h later than at Leerort, whereas HW at Papenburg is about 0.5 h after HW at Leerort. Hence, we still have a propagating tidal wave, in spite of the simultaneous occurrence of HW and HWS, and LW and LWS, as discussed earlier.
Similar to Figs. 5 and 6, the flood period (rising tide) is much shorter than the ebb period. We observe that directly after local LWS (i.e. LW), SPM values increase rapidly, at Papenburg from about 10 to over 40 g/L and at Leerort from about 5 to 15 g/L. A similar pattern is observed at Weener. Next, towards HWS, when velocities decrease, SPM values decrease again, at Papenburg and Weener to about half the maximum flood value, whereas at Leerort down to almost zero. Then, after the turn of the tide, SPM values at Papenburg and Weener first increase again but then gradually decrease, reaching a minimum of 5-10 g/L at LWS. However, SPM values at Leerort continue increasing during the entire ebb period up to about 10 g/L.
This picture suggests a pool of fluid/soft mud in the upper reaches of the Lower Ems River, which sits on the bed around LWS, is then mobilized during the onset of flood, partly settles around HWS and is remixed over the vertical during the onset of ebb, while transported down-estuary. Note that the up-and down-estuary transport of high-concentrated mud suspensions was also observed by Talke et al. (2007) . Their measurements were carried out during an elongated period of low river flow, hence representative for the analysis of the summer 2010 data in the present paper. Talke averaging over these fluctuations, the ebb SPM is again about 10 g/L lower than the flood SPM. These fluctuations in SPM are also observed during ebb at Papenburg and Leerort, but less intense. We postulate that these fluctuations are induced by internal waves on the mud-water interface. At the interface of such two-layer systems, internal waves are generated, known as Kelvin-Helmholtz instabilities or Holmboe waves (Winterwerp et al. 1992) . Such progressive internal waves have been explicitly measured on the fluid mud-water interface just down-estuary of Leerort with acoustic methods. Figure 12 shows that these waves have a length of about 10 m and a height of about 1 m. The internal wave dimensions vary with water depth and flow velocity. They were systematically observed, mainly during ebb and to a lesser extent during flood, hence consistent with our SPM observations. Note that at times, internal waves have been observed penetrating up to the water surface. We postulate that the more pronounced observations of internal waves during ebb are to be attributed to the rapid mixing during flood, breaking down vertical stratification.
We can estimate the period of the internal waves in Fig These periods are much shorter than the period of the SPM fluctuations in Fig. 11 . The latter have been monitored at a frequency of 5 min. Thus, aliasing is expected in the measured SPM signal. This argument is further supported by the height of the internal waves of about 1 m, which would generate substantial variations in SPM readings. Thus, we are confident that the SPM fluctuations in Fig. 11 indeed originate from internal waves.
Our observations also suggest that the amount of SPM in the water column is largely governed by the high velocities at I I I III We have no results for Q > 300 m 3 /s the onset of flood, eroding (entraining) and mixing large amounts of sediment over the water column. Around HWS, the sediment settles slowly. If we assume a settling velocity of 0.5 mm/s, it would take almost 3 h to cleanse the entire water column of 5 m. Hence, with increasing ebb velocities, sediments which did not settle completely are being remixed over the water column. However, during ebb, velocities are too low to mix the sediment again to same height as during flood-the flow's kinetic energy is too small to overcome the required potential energy (e.g. Winterwerp 2001 ). Yet, during ebb, hyper-turbid water is advected down-estuary (see also Talke et al. 2007) explaining the ongoing increase in SPM at Leerort during ebb, while SPM readings at Papenburg and Weener decrease. Winterwerp (2011) also suggested that floc sizes during ebb are much larger than during flood, which would explain why the sediment settles faster towards LWS than towards HWS. The strong asymmetry in measured SPM values with computed flow velocity is further depicted in Fig. 14, showing much higher SPM values during flood. During accelerating tide, SPM values rise rapidly in response to increasing mixing rates, whereas during decelerating tide, a more gradual response is observed.
Note that though the SPM concentrations are high, the suspension still behaves fully Newtonian at the measured concentrations of 40 g/L (Winterwerp and Van Kesteren 2004) . However, as the larger vertical velocity gradients occur close to the bed, the lower layer becomes the more turbulent (Le Hir 1997) . Hence, mixing of the stratified water-sediment mixture after LWS is governed by entrainment of water from the upper part of the water column into the accelerating water-sediment mixture, as described in Bruens et al. (2012) . This kind of entrainment induces an initial rising of the water-sediment interface. Indeed, such entrainment is documented by Schrottke & Bartholomä (2008) (see Fig. 15 ) and Held et al. (2013) . When, for example, the ebb flow accelerates, the water-fluid mud interface rises indeed, becoming more and more 
SPM variations on the spring-neap tidal timescale
The tide in the Ems River is subject to a profound spring-neap cycle (see Fig. 16 ). Table 3 summarizes the computed tidal ranges 2a and velocities U at neap and spring tide at the four stations of Table 2 , showing an increase/decrease of about 20% in tidal range and velocity at spring and neap tide, respectively. Up-estuary of Terborg, the tidal range is almost constant along the river, which is another indication for synchronicity (Friedrichs 2010; . Flow velocities, of course, decrease towards the head of the tidal river, i.e. Herbrum. Yet, the spring-neap effect remains constant along the river. Figure 17 thus shows that the computed tidal flow amplitude scales more or less linearly with the computed tidal range. Therefore, we can use the tidal range as a proxy for analysing the spring-neap effects on SPM.
As vertical mixing, as well as entrainment scale with the velocity squared, we expect a substantial effect of the springneap cycle on the SPM values. For analysing this spring-neap Fig. 4) , using a multi-frequency echo sounder. At HW, i.e. HWS, the water sediment distribution is highly stratified, whereas during accelerating ebb tide, the water-sediment interface rises and is then mixed Fig. 18 indeed show a strong response of the SPM concentrations to the spring-neap variation, with a strong reduction in SPM during neap tide. Note that again, SPM values during flood are always much larger than during ebb, thus suggesting that it is the peak flood velocity which governs the amount of fines in the water column.
Effect of short-term variations in river flow
Next, we analyse the period of increasing river discharge, while the tide evolves towards neap conditions, e.g. the period between 26 August and 1 September 2010 (see Figs. 10, 19 and 20) . In about 3 days, the river flow increases from 25 to almost 250 m 3 /s and the tidal range decreases from about 3.8 m to 3.3 m (depending on the station). Figure 20 depicts that with increasing river flow, the SPM profile first collapses at Papenburg, then at Weener and last at Leerort, though at Leerort, SPM values do not completely reduce to zero.
It is important to note that until collapse, the pattern of Fig. 11 continues, i.e. a rapid increase in SPM directly after LWS. A second important observation is that SPM values down-estuary do not increase when SPM values at more upestuary located stations decrease, as one would expect in the case of down-estuary advection (flushing) by the river flow.
From Fig. 20 , we deduce that the river discharges at which the SPM profile collapses are 150 m flood dominance changes to ebb dominance, as depicted in Fig. 9 and Table 2 . Hence, the response of SPM values to short changes in river discharges cannot be attributed to one of the tidal asymmetries defined in Fig. 9 .
However, the response of SPM to the peak flood velocities reveals a different story. From Figs. 19 and 20, we read that SPM profiles at Papenburg and Leerort collapse when the cross-sectional averaged peak flood velocity decreases below Fig. 18 Variations in measured SPM and computed tidal velocity at Leerort, 22 July through 27 August, at low and almost constant river flow, covering two spring-neap cycles In Sect. 3, we discussed that at low river flow at the onset of flood, flow velocities increase rapidly, up to values of well over 1 m/s and that SPM values then increase rapidly. When the peak flood velocity does no longer exceed the critical value U cr,c , the SPM profiles seem to collapse, or more accurately, the fluid mud sediments are no longer mixed up to the OBS sensors. Figure 13 suggests that the celerity of the internal wave on the mud interface is somewhere between 1 and 1.3 m/s (see also Held et al. 2013 ). This would mean that the internal flow dynamics can become supercritical at higher tidal velocities. At such supercritical conditions, mixing can be intense as the (bulk) Richardson number becomes small, bearing in mind that the (bulk) Richardson number scales with the inverse of the internal Froude number. Hence, an increase in Froude number implies destabilization of the stratified flow. Therefore, we postulate that the rapid mixing after LWS is related to the onset of supercritical flow conditions. At higher river flows, the flood velocities remain subcritical, and mixing is less intense, up to the point where the kinetic energy of the flow is unable to overcome the large stratification in the water column, e.g. at large Richardson numbers.
The data suggest variations in U cr,c . We believe that these variations have to be attributed to the following:
1. The accuracy of the computed flow velocities 2. The height of the SPM measurements-the exact bed level is difficult to define 3. The accuracy of OBS sensors reduces at large flow velocities and high SPM concentrations 4. The local thickness and density of the fluid mud layer 5. In our analysis, we use cross-sectional averaged velocities while vertical mixing is merely governed by local flow conditions, i.e. the vertical velocity structure which is not properly resolved by the model.
Winterwerp (2001) defined a saturation concentration C s as an indicator for the maximum amount of fine sediment that can be carried by a turbulent flow, while a relation for C s was obtained from numerical experiments with a 1DV model:
in which u * = shear velocity, h = water depth, W s = settling velocity and U = characteristic velocity. If we substitute U = U cr,c = 1.1 m/s, h = 5 m and W s = 0.5 mm/s (a characteristic settling velocity for fine sediment in the Ems River, see also Winterwerp 2001 and 2006) , we obtain C s ≈ 10 g/L, which is of the order of the observed values and supports our analysis that the peak flood velocity governs the amount of fine sediments in the water column. Next, in Figs. 21 and 22, we analyse the recovery of SPM behaviour when the river flow decreases to mean values again. Arbitrarily, we define recovery when SPM values have reached 10 g/L again (Fig. 22) . Thus, recovery at Leerort and Weener would occur on 8 September, 10:00 h, and at Papenburg on 9 September, 11:00 h. From Fig. 22 , we find recovery when the flow velocity exceeds a critical value of U cr,r = 1.3-1.4 m/s. Of course, we would find higher values for U cr,r , if we would increase the recovery SPM. Note that as soon as SPM values rise, this rise is again in phase with the onset of flood velocities. Hence, our analyses suggest a hysteresis in the collapse and recovery of the SPM profile, as the critical peak flood velocity for collapse U cr,c amounts to 1-1.2 m/s and the critical peak flood velocity for recovery U cr,r = 1.3-1.4 m/s (or higher). The likely explanation for this hysteresis is that the soft sediments gain some strength through consolidation, while resting on the river's bed. This would imply that recovery of the SPM profile requires erosion of that bed, instead of turbulent mixing. Also, some armouring may occur by sand washed downriver at high river flow (see next section).
Comparing Figs. 20 and 22, it takes about 7 days before the river flow has decreased below 100 m 3 /s (i.e.û flood ≈ 1.4-1.5 m/ s, see Fig. 7 ) after its peak value on 30 August. SPM recovery to 10 g/L takes about 17 tides after peak river flood at Leerort, 19 tides at Weener and 25 tides at Papenburg. Thereafter, stable SPM values require a few more days. This slow recovery is another indication for consolidation and strength development of the mud during the days of high river flow.
The second important observation from our analysis yields the relation between vertical mixing and horizontal transport. SPM data at Terborg suggest down-estuary transport during ebb. However, none of the data shows an increase in SPM with increasing river flow in down-estuary monitoring stations, when SPM values further up-estuary decrease. Hence, we may conclude that the sediments are not washed downestuary during short-lived high river flow events. On the contrary, the data suggest that the sediments remain at place but are no longer mixed up to the level of the OBS sensors. Hence, the mud is there, but we do not see it.
Note that during elongated periods of high river flow, down-estuary transport is expected in that part of the Ems River where the conditions become ebb dominant, as discussed in the following.
The SPM response to varying river flow and spring-neap conditions is further illustrated through the variations in oxygen content measured at six levels over the water depth, carried out between 20 June and 6 July 2014, at 24.4 km, Middelstenborgum, i.e. between Weener and Leerort (see Fig. 23 ). These measurements were carried out in the lower 3 m of the water column, with the upper sensor about 3 m below the low water surface. Spring tide was around 27-30 June. Note that this station is situated in that part of the Lower Ems River where SPM values are always very high at low river discharge (see Fig. 4) .
First, the oxygen measurements after 1 July are discussed, i.e. after almost 3 weeks of low discharge of about 30 m following the peak river discharge of 120 m 3 /s. Oxygen levels vary from virtually zero during ebb to 1-2% during flood. These low values result from the high oxygen demand in the fluid mud layer, while the water column is highly stratified. The different values during flood and ebb can be understood from the degree of mixing. After LWS, oxygen-richer water from the upper part of the water column is entrained rapidly into the fluid mud layer, whereas this entrainment rate is smaller during ebb, as discussed earlier. Thus during ebb, less oxygen-rich water is entrained into the anoxic mud. Of course, the oxygen values at this station are also affected by advection from oxygen-poor water/mud from up-estuary during ebb and from down-estuary during flood.
During spring tide (27-30 June), more oxygen-depleted mud is mixed (higher) over the water column, and oxygen levels remain virtually zero throughout the tide, as oxygenrich water entrained into the mud can no longer compete with the high oxygen demand within the mud.
At the beginning of the observational period, oxygen levels during flood are much higher. These higher levels can be explained from the reduction in mixing capacity at the higher river flow (see Fig. 20 ). However, SPM values still rise with accelerating tide, and oxygen-poor water is advected downestuary to the measuring stations. Thus, low-oxygen mud arrives from up-estuary during ebb.
Oxygen measurements at Terborg in the same period (Fig. 24) reveal oxygen concentrations between 10 and 30%, decreasing rapidly at spring tide and showing oxygen depletion in the lower meter of the water column during ebb, because of down-estuary transport of oxygen-poor water. The high oxygen levels in the beginning of the observational period at the two stations (Figs. 23 and 24 ) suggest that oxygen- 6 Effect seasonal variations in river flow (Fig. 3 , though periods of lower discharge may also occur in these months). These observations are further illustrated Fig. 25 , showing seasonal SPM variations on a more detailed scale. At first view, Fig. 25 suggests that at high river flow, sediment is flushed down-estuary in the Lower Ems. However, this cannot be explained from a reversal in tidal asymmetry, as the river is always flood-dominant down-estuary of Terborg (Fig. 9) . Also, at these larger river flows, saline water still enters the Lower Ems River, so that also the effects of estuarine circulation still induce a net up-estuarine transport. We postulate that the larger SPM values in the lower reaches of the river, during large river flows, i.e. mainly during winter, reflect a larger supply from the Ems-Dollard estuary and/or local bank erosion. High river flows generally coincide with bad weather and wind, and wind-induced waves in the very shallow and muddy EmsDollard estuary will mobilize fine sediments, which can then be transported into the Lower Ems River by the flood-dominant tidal asymmetry and estuarine circulation. Similarly, bad weather conditions may expose the river banks locally. /s. Apart from one small peak at Leerort, the SPM signal collapses in the entire river Therefore, we continue on our arguments in the three previous sections. It is likely that at very high river discharges, also the peak ebb velocity shall exceed U cr,c ; thus, that maximal mixing would occur during ebb, and sediment would be transported down-estuary. However, even at the highest river flow in our data series (January 2011, Q riv ≈ 400 m 3 /s,û ebb = 1.5-2 m/s, see Fig. 26 ), no vertical mixing of SPM is observed during ebb-in fact, SPM values measured at Papenburg, Leerort and Weener were virtually zero. We do not have detailed data to e x pl a i n t hi s so m e w h at s u r p r i s i n g o b s e r v at i o n . Therefore, we have to speculate that the inability of the strong ebb current to mix sediments over the water depth is caused by one or a combination of the following effects:
1. It is possible that all sediments have been washed out of the Ems. This is highly unlikely, as the records show that SPM values are high again only 1 month after this peak discharge (data not shown here). 2. Prior to the high river discharges in winter, the river discharge is high, but not extreme, and sediment is not entrained from the bed by the peak flood currents. The mud therefore gets time to consolidate, i.e. gain strength, and thereby, its erodibility is reduced. 3. After high flow events, sand is found on the river bed around Papenburg, which may armour the mud deposits, but only in the upper reaches of the river 4. The vertical velocity profile is more gentle during ebb than during flood, with stronger near-bed velocity gradients during flood (see also Held et al. 2013 ). Hence, near- Ocean Dynamics (2017) 67:559-583 bed mixing is stronger during flood than during ebb. In other words, the strong ebb velocities may not be efficient mixers.
Next to the seasonal effects on SPM values, data reveal a seasonal effect on the propagation time of the tidal wave along the Lower Ems River, e.g. Fig. 27 , with the larger propagation time in summer, when river flows are low and SPM values are high. This picture is consistent along the entire river. This behaviour is explained from three mechanisms related to the river discharge. First, higher river discharge increases the water depth in the river causing a larger propagation speed of the tidal wave. Second, with higher river discharge, less water from downstream is required for the water level to rise from LW to HW. Thirdly, during summer, SPM values are higher in the upper reaches of the river, reducing the effective hydraulic drag through stratification.
However, HW at Papenburg can occur before HW at stations further down-estuary, as shown in Fig. 28 . This anomaly is always found when river flows exceeded about 30 m 3 /s. Low water timing, however, is regular. We have analysed the timing of high and low waters with the Delft3D model but were not able to reproduce this anomaly in HW occurrences. We postulate that stratification of the water column and possibly subtleties in the geometry and bed composition (effective roughness) are the cause of these effects.
Discussion and conclusions
In this paper, we discuss the SPM dynamics in the hyperturbid Lower Ems River at four timescales, e.g.
1.
Tidal timescale (semi-diurnal tide) 2. Timescale of the spring-neap cycle 3. Timescale of short-duration river floods in summer time 4. Seasonal variations Our analyses are based on measured data of water levels, river discharge, SPM concentrations and salinity and flow velocities computed with a calibrated Delft3D model of the Lower Ems River. These data are available for 2009-2011 for multiple stations along the river, but we focus on the SPM dynamics at Papenburg, Weener and Leerort in the year 2010. Further, we have used measurements on oxygen saturation and acoustic measurements for sustaining our arguments further.
The data (e.g. field and model data) show that the Ems River is in a synchronic state, i.e. high water (HW) and high water slack (HWS), and low water (LW) and low water slack (LWS) occur at almost the same time, whereas the tidal amplitude is almost constant along the river. Such synchronic conditions are typical for rivers with a converging plan form and very low hydraulic drag. Towards the head of the estuary, also reflection of the tide against the weir at Herbrum affects the tidal propagation.
The tide is highly asymmetric during low river flows, and the flood velocity peaks shortly after LWS. At low river flows, flood velocities peak at about 1.5 m/s, while ebb velocities measure around 1 m/s; the ebb period is therefore about 50% longer than the flood period. With increasing river discharge, flood velocities decrease, whereas ebb velocities increase. As a result, the tidal asymmetry decreases with increasing river discharge. As the Lower Ems River has an exponentially converging plan form, the decrease in tidal asymmetry with increasing river discharge reduces in downestuary direction. This decrease in asymmetry follows an exponential trend, identical to the exponential convergence length of the river's plan form.
Our observations suggest a very persistent existence of a pool of fluid/soft mud, found in summer time somewhere between Papenburg (or further up-estuary where we have no data) and Terborg. Somewhere between Terborg and Gandersum, SPM values drop sharply, though the suspended sediment concentrations still reach values of many grams per litre. This pool of fluid mud is entrained rapidly into the water column during flood, when peak flood velocities exceed a critical value of about 1-1.1 m/s, and the mud is transported up-estuary with the flood tide. This mixing is governed by the entrainment of SPM-poor, but oxygen-rich water into the turbulent turbid layer. Around HWS, suspended sediment settles slowly, and thereafter, the dense mud suspension migrates down-estuary with the ebb tide. Around LWS, most of the sediment settles and the cycle repeats. These observations strongly suggest that it is the peak flood velocity that determines the amount of fines brought into suspension. Our analyses suggest that the rapid mixing at the onset of flood occurs when the internal flow becomes supercritical. As a result, SPM response to the spring-neap cycle is significant, owing to the 20% higher/lower tidal velocities during spring/neap.
We have analysed the SPM dynamics in response to shortduration peaks in river discharge in summer time, i.e. when the mean river discharge is generally low. When the river discharge exceeds 150 m 3 /s, SPM values collapsed at Papenburg, and SPM collapse at Weener and Leeroort was observed at around 240 m 3 /s. The data do not show any increases in SPM values down-estuary of the collapsing stations; hence, down-estuary migration of the mud with the river flow is unlikely or small during these short-duration river peaks.
However, in terms of peak flood velocities, SPM collapse at these three stations occurs almost at the same conditions, i.e. when the peak flood velocity becomes smaller than a critical value U cr,c , which amounts to about 1-1.2 m/s. Further to our previous discussion, this observation suggests that SPM collapse occurs when, locally, the internal flow becomes subcritical. As the effects of river flow on peak flood velocity decrease in downestuary direction, SPM collapse starts in the upper parts of the river, migrating down-estuary with increasing river discharge.
The SPM records suggest further that SPM recovery occurs with decreasing river flow when the flow velocity exceeds another critical value U cr,r , which amounts to about 1.3-1.4 m/s. This value is larger than U cr,c . Likely, this hysteresis is the result of some strength development of the mud, while sitting on the river bed: apparently, it takes time to erode/ loosen the mud again to Newtonian conditions. Possibly armouring by sandy deposits, brought by the river, plays a role as well. Hence, we conclude that the collapse and subsequent recovery of SPM concentrations with increasing/ decreasing river discharge are a local effect; i.e. the pool of fluid mud is temporarily not remixed over the water column.
Because peak-flood velocities become too small, the mud cannot be mixed (entrained) up to the OBS sensor. The mud is still there, but the sensor does not see the mud anymore.
Further to this analysis, the seasonal variation in SPM can be explained. During the high river flows, generally prevailing in winter, the pool of fluid mud cannot be entrained into the water column, owing to too small flood velocities during elongated periods of time. Then, the fluid mud consolidates and gains strength. This picture is confirmed by observations during a peak river discharge of 400 m 3 /s, when velocities locally exceed 1.5-2 m/s. Yet, SPM values remain virtually zero in the upper reaches of the river.
In our analyses, we hardly touched upon the SPM dynamics in the lower reaches of the Lower Ems River. However, many studies show that in these lower reaches, SPM dynamics are governed by tidal asymmetry and estuarine circulation (e.g. Talke et al. 2007; Krebs and Weilbeeer 2008; Winterwerp 2011 ) while also asymmetry in floc formation/ size may play a role (Winterwerp, 2011) . As SPM concentrations are high, also asymmetries in vertical mixing play a role (internal asymmetry).
These observations suggest that the SPM dynamics in the Lower Ems River depict a transition in driving forces and behaviour (see Fig. 29 ). This transition would occur around Terborg. Down-estuary of Terborg, the river is in a so-called high-concentration state with profound interactions between SPM and the turbulent flow field. Horizontal SPM fluxes are governed by tidal asymmetry and estuarine circulation. This part of the river is always flood-dominant, except possibly at extreme river flows, much larger than studied in this paper. The sediment originates from the Ems-Dollard estuary, where it is mobilized by waves and tidal currents, whereas human activities (dredging and dumping) play a role as well. Observed increases in SPM with increasing river flow cannot result from flushing and/or changes in tidal asymmetry, as the effects of river flow on advection rapidly decrease down-estuary. Hence, we postulate that these increases result from a simultaneous increase in wave activity with increasing river flow (rain and wind come often together in our temperate climate).
Up-estuary of this transition (Terborg), the estuary is in a hyper-turbid state, induced by a large pool (25-30 km long) of soft/fluid mud during low river flows. SPM values are governed by the peak flood velocity. When peak flood velocities exceed a critical value, mud is rapidly mixed over the water column. This critical value seems to be related to internal critical conditions. The horizontal SPM flux is mainly governed by internal asymmetry; i.e. during flood, SPM is mixed further over the water column than during ebb and hence experiences larger velocities. Vertical mixing is governed by entrainment processes, pumping (oxygen-rich) water into the accelerating, but anoxic mud layer. With increasing river flow, peak flood velocities decrease, and the soft/fluid mud layer can no longer be sufficiently mixed, thus stays on the riverbed and gains strength through consolidation. The soft/fluid mud layer, however, does not or slightly migrate down-estuary. At very high river flows in winter, also ebb velocities can become large, but SPM concentrations do not increase. Of course, the mud layer can then be eroded by classical surface erosion-these eroded sediments will be flushed down-estuary, but not much further than around Terborg, as there flood-dominant tidal asymmetry and estuarine circulation prevail, trapping the sediments within the river.
Our study shows the fertility of combining field observations with numerical model results, even when that model does not resolve all details of the flow field. In particular, it appeared possible unravelling the effects of tide and river flow, which of course act jointly on the SPM dynamics. Yet, many conclusions from our study should be further sustained with more detailed and elongated measurements of the flow field and the vertical SPM distribution, while also further model development will enhance our understanding of the relevant physical processes. In particular, we think of the consolidation behaviour of the sediments during periods of non-mixing, the variations in Richardson number for quantifying the role of stratification, sediment fluxes through the river during short-duration floods along the river and possibly the role flocculation on the SPM dynamics.
1. An analysis of measured salinities in relation to water level data 2. Comparison of computed tidal water level data and tidal velocities 3. Decomposition of water level data into tidal components in relation to the river flow Details of the analyses below are given in Hendriks (2015) . The first evidence for synchronicity is provided by the measured salinity distribution, as the phase difference between HW and maximum salinity S max and between LW and S min provides a good proxy for the phase difference between HW and HWS, and LW and LWS, respectively, assuming that S max occurs at HWS and S min at LWS. An example of the phase differences Δ for Leerort is presented in Fig. 30 . Table 4 presents the results of our analysis for these differences Δ for the year 2010, where μ Δ = mean phase difference and σ Δ = standard deviation of that difference, showing the mean phase difference in the upper 40 km of the Ems River, i.e. beyond Terborg, amounts to a few 10 min. Note that the salinity distribution is affected by salinity-induced (and SPMinduced!) density currents and therefore is generally ahead of slack water occurrence, enhancing the actual phase lag. Note that though Table 4 (A.1) reflects the results of analysing almost 3 months of data (Weener 3 weeks because of high river flow), the results are typical for the entire observational period.
Next, we run the calibrated Delft3D model described in the main text of this paper. Figure 31 presents some typical results, showing a phase difference between LW and LWS and between HW and HWS of a few minutes. Also, for other simulations, at high and low river flows, similar results were predicted with Delft3D. Finally, we have carried out a tidal analysis of the measured water levels for the year 2010, for all stations available. From these components, we reconstructed the astronomical tide for that year at these stations and then determined the difference between this astronomical prediction and the actual measurements, which we refer to as the residual. Note that the tidal components obtained from the tidal analysis reflect amplification of the tide by the reduced effective hydraulic drag induced by the high SPM values and fluid mud in the river. Then, we subtracted the residual found at Knock from the residual at all other stations in the Ems River to correct for seaborne disturbances. Hence, as an example, the residual at Weener minus the residual at Knock, as presented in Fig. 32 , should reflect disturbances induced within the river itself, e.g. by the river flow. Figure 32 shows that the residual is small, except for some strange spikes, which are attributed to the closing of the Ems' storm surge barrier. However, if we compare the residual with the river flow, we observe that if there is any relation between the residual and peaks in river flow, it is an amplification of the tide; i.e. tidal amplitude increases with river flow.
If the fine sediments would be washed out of the river at high river flow, we expect an increase in effective hydraulic drag, hence damping of the tide, thus negative values of the residual. On the contrary, the observed small amplification of the tide at high river flow should be attributed to the role of the river flow on that amplification. Other irregularities in the residual cannot be explained from variations in river flow. Hence, it can be concluded that the sediment-induced reduction in effective hydraulic drag remains persistent throughout the year. In other words, the river remains in a synchronous state as drag remains low.
These analyses all suggest that the Ems River is in a synchronous state and remains so throughout the year. This conclusion also suggests that the majority of the fine sediments in the river are not washed out of the system but continue reducing the effective hydraulic drag in the river. Hence, we assume in the hyper-turbid part of the river that HW and HWS, and LW and LWS occur at the same moment, i.e. t HW = t HWS and t LW = t LWS , respectively. residue Fig. 32 Difference between measured tidal elevation and astronomical tide at Weener, corrected for seaborne disturbances at Knock in conjunction to the variation in fresh water flow
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